Abstract The lipidic modification of proteins has recently been shown to be of immense importance, although many of the roles of these modifications remain as yet unidentified. One of such key modifications occurring on several proteins is the covalent addition of a 14-carbon long saturated fatty acid, a process termed myristoylation. Myristoylation can occur during both co-translational protein synthesis and posttranslationally, confers lipophilicity to protein molecules, and controls protein functions. The protein myristoylation process is catalyzed by the enzyme N-myristoyltransferase (NMT), which exists as two isoforms: NMT1 and NMT2. NMT1 is essential for growth and development, during which rapid cellular proliferation is required, in a variety of organisms. NMT1 is also reported to be elevated in many cancerous states, which also involve rapid cellular growth, albeit in an unwanted and uncontrolled manner. The delineation of myristoylation-dependent cellular functions is still in a state of infancy, and many of the roles of the myristoylated proteins remain to be established. The development of cells of the leukocytic lineage represents a phase of rapid growth and development, and we have observed that NMT1 plays a role in this process. The current review outlines the roles of NMT1 in the growth and differentiation of the cells of leukocytic origin. The described studies clearly demonstrate the roles of NMT1 in the regulation of the developmental processes of the leukocytes cells and provide a basis for further research with the aim of unraveling the roles of protein myristoylation in both cellular and physiological context.
Introduction N-myristoyltransferase (NMT) is an ubiquitously distributed enzyme and belongs to the GCN5 acetyltransferase superfamily (Boutin 1997; Resh 1999; Dyda et al. 2000; Farazi et al. 2001) . The enzyme catalyses the covalent attachment of the myristoyl group, generally to the Nterminal glycine residue of proteins (Boutin 1997; Resh 1999; Farazi et al. 2001; Selvakumar et al. 2007; Wright et al. 2010; Hannoush and Sun 2010) . Myrisitic acid constitutes less than 1% of the total fatty acid pool and is considered a rare fatty acid in cells (Boutin 1997) . However, myristoylation constitutes a large subset of the total fatty acylated proteins, and at least 0.5% of eukaryotic proteins are predicted to be myristoylated (Resh 2006; Hannoush and Sun 2010; Wright et al. 2010) . This suggests that myristoylation has a special role and cannot be substituted by other lipidic modifications of proteins. The myristoylation moiety was first identified as a N-terminal blocking group in the catalytic subunit of cyclic AMP-dependent protein kinase and calcineurin B (Carr et al. 1982; Aitken et al. 1982) . The process of protein myristoylation initially reported to be a cotranslational event has now also been shown to occur post-translationally (Wilcox et al. 1987; Zha et al. 2000) . N-myristoylation occurs absolutely on an exposed Nterminal glycine and on a general consesus motif of GXXXS/T, where X is any amino acid (Boutin 1997; Resh 1999; Farazi et al. 2001; Wright et al. 2010; Hannoush and Sun 2010) . During the co-translational protein myristoylation, the initiator methionine at the N-terminus is removed by methionine aminopeptidase thus allowing the exposure of a glycine residue on an available myristoylation site (Wilcox et al. 1987; Deichaite et al. 1988) . Post-translational myristoylation events are initiated when an internal myristoylation site is exposed following a proteolytic cleavage (Utsumi et al. 2003; Sakurai and Utsumi 2006; Vilas et al. 2006; Martin et al. 2011 ). The process of N-myristoylation follows an ordered Bi Bi reaction mechanism in which myristoyl-CoA first binds to the NMT molecule inducing a conformational change and thus allowing for substrate binding followed by a direct nucleophilic addition-elimination reaction and the sequential release of CoA and the myristoyl-peptide (Farazi et al. 2001; Wright et al. 2010) . The enzyme NMT consists of saddleshaped β-sheet flanked by α helices and exhibits a pseudo two-fold symmetry with regions corresponding to the N-and C-terminal portions of the enzyme. The N-terminal half forms the myristoyl-CoA-binding site, whereas the C-terminal half forms the major portion of the peptide-binding site (Farazi et al. 2001; Wright et al. 2010) .
NMT exists as a single copy gene in lower eukaryotes, whereas in higher eukaryotes, two genes encoding for the two isoforms of NMT have been identified (Giang and Cravatt 1998) . The two isoforms NMT1 and NMT2 share about 76% amino acid sequence identity in humans (Giang and Cravatt 1998) . The N-terminal glycine myristoylation of various key proteins is necessary for normal cell functioning, and thus NMT is essential for survival and growth in a number of organisms (Duronio et al. 1989; Lodge et al. 1994; Weinberg et al. 1995; Boutin 1997; Wright et al. 2010) . In organisms in which a single NMT isoform exists, the targeting of the endogenous NMT functions has been the candidate of choice for the treatment of many human pathogenic states with a focus on developing species-specific NMT inhibitors as antifungal, antiparasitic, and antiviral agents (Duronio et al. 1991; Sikorski et al. 1997; Lodge et al. 1998; Georgopapadakou 2002; Price et al. 2003; Gelb et al. 2003; French et al. 2004; Panethymitaki et al. 2006; Bowyer et al. 2007; Frearson et al. 2010 ). In the higher eukaryotes, the two isoforms NMT1 and NMT2 have overlapping but distinct substrate specificities (Giang and Cravatt 1998; Ducker et al. 2005) . The NMT1 isoform is homologous to the NMT from lower eukaryotes and has been shown the rescue myistic acid auxotrophy in yeast (Duronio et al. 1992) . With respect to the functional importance of the NMT1 and NMT2 enzymes in vivo, it has been observed that during the embryonic development of mice, NMT2 is not able to rescue N-myristoylation of proteins for the proper development of the embryos in NMT1 -/-mice knockouts and the embryos die during early embryogenesis (Yang et al. 2005) . This clearly indicates the specific roles played by the individual NMTs and further suggests that the two isoforms cannot compensate for each other's specific functional roles. The cellular myristoylated protein participates in signal transduction, cellular transformation, and oncogenesis, and hence, myristoylation is extremely important for the full expression of biological function of many proteins (Boutin 1997; Resh 1999) . Mristoylation increases protein lipophilicity and controls the functioning of proteins by targeting them to specific localizations, promoting specific protein-protein and proteinlipid interactions and ligand-induced conformational changes (Resh 1999; Farazi et al. 2001; Wright et al. 2010) . A detailed list of the myristoylated proteins is available in several (Control) and colorectal-tumor-bearing (Tumor) rats. Isolated peripheral blood mononuclear cells from peripheral blood of control or tumor-bearing rats were assessed for NMT activity by using cAMPdependent protein-kinase-derived peptide substrate. Inset Western blot analysis of protein extracts from PBMC and BMC of control and colorectal tumor-bearing rats [adapted from Shrivastav et al. 2007] excellent reviews (Boutin 1997; Resh 1999; Maurer-Stroh and Eisenhower 2004; Selvakumar et al. 2007 ). Many of the myristoylated proteins such as the nonreceptor tyrosine kinases, fyn, lyn, and src, are involved in oncogenic processes (Summy and Gallick 2003; Lieu and Kopetz 2010) , and the levels of the myristoylated tyrosine kinases, pp60
c-src and pp60
c-yes
, have been observed to be several fold higher in colonic preneoplastic lesions and neoplasms compared with normal colon cells (Bolen et al. 1987; Weber et al. 1992; Termuhlen et al. 1993) . Myristoylation has also been linked to several other pathogenic states such as Noonan-like syndrome, which is a rare developmental disorder (Mazzanti et al. 2003; Schubbert et al. 2007; Cordeddu et al. 2009 ), diabetes (King et al. 1993 (King et al. , 1995 and ischemia-reperfusion injury (Rajala et al. 2002) . Other than their direct involvement in these disorders, NMTs also play a role in human immune deficiency (HIV) infections and several other viral diseases that have been discussed in detail elsewhere (Maurer-Stroh and Eisenhower 2004; Selvakumar et al. 2007; Wright et al. 2010; Martin et al. 2011) . The focus of the current review is on the roles of NMT in leukocytic differentiation processes and the roles of NMT1 in neutrophil apoptosis.
Expression and localization of NMT in leukocytic cells
NMT expression is elevated in various forms of cancer, and a direct relationship between the increase in NMT expression and activity in colon cancer progression has been reported (Magnuson et al. 1995; Kumar et al. 2011) . The inhibition of NMT1 functions in human and murine melanoma cell lines has been shown to reduce proliferation and to induce apoptosis and also to block tumor growth in vivo (Bhandarkar et al. 2008) . The short interfering RNA (siRNA)-mediated knockdown of human NMT1 in vivo inhibits cell replication associated with the loss of c-Src activation and its target focal adhesion kinase and causes a reduction of various protein-kinase-regulated pathways (Ducker et al. 2005) . In a mouse model, among the two isozymes NMT1 and NMT2, the intratumoral injection of NMT1 siRNA is mainly responsible for the inhibition of tumor growth (Ducker et al. 2005) . NMT1 is predominantly a cytoplasmic enzyme; however, its localization has been observed to change in cancerous states. The high expression levels and the differential localization of NMT1 in peripheral blood mononuclear cells (PBMC) and bone marrow cells (BMC) form the basis for screening tools for the detection of colon cancer at an early stage Kumar et al. 2011 ). In rats with colonic tumors, NMT1 expression and activity have been observed to be significantly elevated in PBMC and BMC compared with those in normal rats (Fig. 1) .
NMT activity is observed to be three-fold higher in PBMC from rats with colonic cancer than in controls, whereas it is elevated five-fold in BMC from rats with colonic cancer compared with a normal group (Fig. 1) . In addition to the elevated expression and activity profile, the localization of NMT1 is also altered in PBMC and BMC in the cancerous state. Rare or no positivity is observed for NMT1 in a control group (Fig. 2a) , whereas strong staining of more than 50% mononuclear cells is observed in cancerous tissue (Fig. 2b) . Intense NMT expression is observed in PBMC from highly invasive tumors. The immunohistochemical staining of PBMC shows negative to rare weak positivity for NMT1 in healthy controls, and the percentage of positive staining is less than 20% (Fig. 2c,  d ). However, strong NMT staining in more than 80% cells is seen in monocytes, lymphocytes, and neutrophils in blood smears of patients with colonic cancer (Fig. 2e, f) .
In contrast to the PBMC, a differential localization of NMT1 is found in the bone marrow mononuclear cells. In the normal bone marrow specimens, NMT1 remains cytoplasmic (Fig. 3a, c) , whereas NMT1 shifts to a nucleolar (and cytoplasmic) location in BMC from tumorbearing rats and human cancer patients, respectively (Fig. 3b, d) .
The intense staining and differential localization of NMT1 in mononuclear cells from highly proliferative (cancerous) tissues suggests a role of NMT1 in the differentiation of these cells.
Role of NMT1 in the monocytic differentiation process
The BMC taken from wild-type (WT) and heterozygous (+/−) Nmt1-deficient mice and cultured in the presence of mouse macrophage colony-stimulating factor (mMCSF) Fig. 3 Immunohistochemical analysis of bone marrow of control and tumor-bearing hosts. a Cytoplasmic staining of NMT (arrow) in BMC from control rats. b Nuclear localization of NMT in BMC (short arrow) from a tumor-bearing rat (long arrows little cytoplasmic staining). c Mostly cytoplasmic NMT staining in bone marrow (BM) of control (arrows). d Intense nuclear (and some cytoplasmic) staining for NMT observed in the BM of a colon cancer patient (arrows) [adapted from Shrivastav et al. 2007] . Magnification: 20× dry (a, b), 10× dry (c, d) for differentiation into monocytes/macrophages do not develop in a similar fashion (Shrivastav et al. 2008) . The Wright-Giemsa-stained bone-marrow-derived macrophages (BMDM) from WT mice (BMDM WT) are markedly different from those of heterozygous (+/−) Nmt1-deficient mice (Fig. 4a, b, respectively) . Additionally, the total number of BMDM obtained from heterozygous (+/−) Nmt1-deficient mouse are almost one-fourth those of BMDM WT (Shrivastav et al. 2008) . Furthermore, more abundant cytoplasm with cytoplasmic projections and the presence of few cytoplasmic granules are observed in BMDM WT, whereas BMDM from heterozygous (+/−) Nmt1-deficient mice lack these features Shrivastav et al. 2008] ( Fig. 4a, b, respectively) . The colony-forming ability of the bone marrow from WT and heterozygous (+/−) Nmt1-deficient mice have been studied in order to understand the role of NMT1 in myelopoesis (Shrivastav et al. 2008) . When the BMC obtained from WT and heterozygous (+/−) Nmt1-deficient mice are cultured in the presence or absence of GM-CSF (Fig. 4c), M-CSF (Fig. 4d) , or G-CSF (Fig. 4e) , the BMC of WT mice consistently provide a higher number of total CFU (Fig. 4c-e) . The differential number of M-CFU also remains significantly higher in the BMC of WT mice compared with that of Nmt1 (+/−) mice, irrespective of being incubated in the presence of granulocyte macrophage colonystimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), or granulocyte colony-stimulating factor (G-CSF; Fig. 4c-e) . However, in the BMC of WT and heterozygous (+/−) mice upon incubation with G-MCF or M-CSF, the number of GM-CFU and G-CFU are comparable (Fig. 4c, d, respectively) . On the other hand, significantly higher GM-CFU and G-CFU were observed in the BMC of WT mice compared with those of Nmt1 (+/−) mice when incubated in the presence of G-CSF (Fig. 4e) . The results indicate a partially diminished ability of the myeloid lineage in Nmt1 (+/−) mice to differentiate (Shrivastav et al. 2008) . When embryonic stem (ES) cells isolated from WT and homozygous (−/−) Nmt1-deficient mice are cultured on a feeder-independent system in the presence of M-CSF, and when the macrophage population is determined by the expression of the F4/80 surface marker by flow cytometry, the expression of AlexaFluor-488-conjugated F4/80 is observed in 1.4% of the homozygous (−/−) Nmt1-deficient ES cells as compared with 17.0% of the WT ES cells (Fig. 4f, g,  respectively) . However, no appreciable difference can be noted in the mean channel intensity of the antigen detected by F4/80 (Fig. 4h) , which further validates that NMT1 is essential for proper monocytic differentiation (Shrivastav et al. 2008) .
NMT in activated macrophages and neutrophils and its roles in neutrophil longevity
Upon in vitro activation with lipo-polysaccharides (LPS; 10 μg/ml LPS) derived from Escherichia coli, peripheral blood neutrophils show an initial increase in NMT activity (up to~1 h), which then declines with time (Fig. 5a ). To investigate this phenomenon further, the U937 promonocytic cell line has been selected as a model in vitro system, as it can differentiate along the monocyte/macrophage cell lineage by induction with phorbol myristate acetate (PMA). When U937 promonocytic cells are differentiated into monocytes/macrophages by PMA, and when NMT activity is assessed following treatment with E. coli LPS, the findings are similar to those observed in neutrophils (Shrivastav et al. 2010) . At both the low and high concentrations of LPS used in the study (Fig. 5b) , NMT activity increases during a short-term treatment with LPS; however, prolonged treatment with LPS does not have a significant effect on NMT activity (Fig. 5b) .
The immunohistochemical analysis of LPS-treated neutrophils shows increased expression of NMT1, and intense NMT1 staining has been noticed in neutrophils incubated with LPS, whereas only light staining is detected in control neutrophils (Fig. 6 ).
Since the NMT activity showed a similar profile upon LPS induction, both in the neutrophils and in the PMAinduced U937 cells (Fig. 5a, b) , further effects of LPS treatment on NMT1 expression profile have been analyzed in PMA-induced U937 cells. Short-term (1 h) but not longterm treatment with both low and high concentrations of LPS enhances NMT1 expression (Shrivastav et al. 2010 ). The expression of NMT inhibitor protein 71 is not altered upon short-and long-term LPS treatment suggesting that LPS activates NMT in a time-dependent manner (Shrivastav et al. 2010) . Through the suppression of constitutive apoptosis, activated neutrophils live longer. NMT1 and NMT2 have reported roles in cell survival and embryogenesis (Wilcox et al. 1987; Duronio et al. 1989; Lodge et al. 1994; Farazi et al. 2001; Ntwasa et al. 2001; Yang et al. 2005) . When probed for their roles in neutrophil longevity, the knockdown of either NMT1 or NMT2, both in the presence or absence of LPS, induces~30% cell death compared with the control (Shrivastav et al. 2010) . Our data show the regulation of neutrophil lifespan by the increased activity of NMT and the expression of NMT1 in activated neutrophils. The reduced lifespan following NMT1 knockdown provides novel insights into the role of NMT1 in regulating neutrophil lifespan.
Concluding remarks
Rapid cellular growth is a hallmark of many physiological processes, which include embryonic developmental stages, the repair of tissue damage, and the turnover of cells with a short half-life and a pathogenic state of tumor growth. NMT is a key enzyme essential for growth and development. This makes NMT an attractive candidate for drug-based therapies, because the targeting of NMT functions causes developmental defects and lethality in a variety of organisms (Farazi et al. 2001; Ntwasa et al. 2001; Yang et al. 2005; Wright et al. 2010) . The rapid growth of cells is also reflected in the cells of the immune system; however, no direct evidence has been presented for the involvement of NMT in these processes. The findings from our studies show that NMT plays a role in the regulation of development and differentiation of leukocytic cells. However, with our current knowledge of myristoylationdependent leukocytic functions, we are still far from understanding the precise roles of this lipidic modification in modulating immune behavior. To comprehend the mechanisms of the myristoylation-dependent regulation of proteins involved in immune and signaling pathways, further studies are definitely warranted so as to tailor therapeutic targeting of these pathways in various pathogenic states.
